Background The etiology of altered consciousness in patients with high-grade aneurysmal subarachnoid hemorrhage (SAH) is not thoroughly understood. We hypothesized that decreased cerebral blood flow (CBF) in brain regions critical to consciousness may contribute. Methods We retrospectively evaluated arterial-spin labeled (ASL) perfusion magnetic resonance imaging (MRI) measurements of CBF in 12 patients with aneurysmal SAH admitted to our neurocritical care unit. CBF values were analyzed within gray matter nodes of the default mode network (DMN), whose functional integrity has been shown to be necessary for consciousness. DMN nodes studied were the bilateral medial prefrontal cortices, thalami, and posterior cingulate cortices. Correlations between nodal CBF and admission Glasgow Coma Scale (GCS) score, admission Hunt and Hess (HH) class, and GCS score at the time of MRI (MRI GCS) were tested. Results Spearman's correlation coefficients were not significant when comparing admission GCS, admission HH, and MRI GCS versus nodal CBF (p > 0.05). However, inter-rater reliability for nodal CBF was high (r = 0.71, p = 0.01). Conclusions In this retrospective pilot study, we did not identify significant correlations between CBF and admission GCS, admission HH class, or MRI GCS for any DMN node. Potential explanations for these findings include small sample size, ASL data acquisition at variable times after SAH onset, and CBF analysis in DMN nodes that may not reflect the functional integrity of the entire network. High inter-rater reliability suggests ASL measurements of CBF within DMN nodes are reproducible. Larger prospective studies are needed to elucidate whether decreased cerebral perfusion contributes to altered consciousness in SAH.
Introduction
The pathophysiologic basis of altered consciousness in patients with high-grade aneurysmal subarachnoid hemorrhage (SAH) is incompletely understood. Though increased intracranial pressure, hydrocephalus, and seizures may all contribute to the pathogenesis of decreased consciousness, one hypothesis is that hypoperfusion is the primary etiologic factor [1] . Several lines of evidence support this hypothesis. Cerebral ischemia in patients with SAH is associated with poor neurological examinations [2] [3] [4] [5] . Cerebral blood flow (CBF) as measured by arterial injection of radioactive oxygen-15 and of xenon-133 has been demonstrated to be inversely associated with Hunt Hess (HH) class [1, 6, 7] . Decreased uptake of technetium-99 M labeled d,l-hexamethyl-propylene amine oxime, which reflects CBF, was associated with lower levels of consciousness in SAH patients [8] . In transcranial Doppler ultrasound studies performed within 24 h of SAH onset, middle cerebral artery blood flow velocities, which correlate with CBF [9] , were inversely correlated with the World Federation of Neurologic Surgeons scale [10] .
Yet despite these preliminary data suggesting an association between low cerebral perfusion and altered consciousness in patients with SAH, the perfusion hypothesis has been difficult to test because of challenges associated with obtaining perfusion data in this patient population. Perfusion computed tomography (CT) requires iodinated contrast, carries a risk of radiation exposure, is subject to inter-observer variability, and may over-or underestimate areas of ischemia [11] . Furthermore, a recent perfusion CT study identified correlations between the World Federation of Neurology Surgeons scale and the perfusion parameters time-to-peak and mean transit time but not with CBF [12] . Single-photon emission CT does not allow for quantification of CBF. Positron emission tomography may be time-consuming and not routinely available in clinical centers [13] . Optical imaging of CBF is a non-invasive bedside method but has limited spatial coverage [14] . Perfusion magnetic resonance imaging (MRI) sequences that use gadoliniumbased contrast have limited use in patients with renal dysfunction and can lead to errors in perfusion parameters if contrast leaks into the extravascular space [15] .
On the other hand, arterial-spin labeling (ASL) is an MRI technique that relies on an endogenous contrast to generate a perfusion map of CBF [16] . In an ASL perfusion study, the arterial blood is labeled using a radiofrequency pulse as it passes through the carotid and vertebral arteries, and the dissipation of labeled proton spins is then measured in the distal cerebral tissues to provide a measure of CBF. The ASL sequence has been shown to detect perfusion changes in SAH [17] [18] [19] . In addition to the benefit of not requiring an injected contrast agent, ASL measurements of CBF can be obtained rapidly [20] and have high inter-rater reliability [15, 21, 22] .
In this study, we performed ASL measurements of CBF in patients with SAH to test the hypothesis that altered levels of consciousness are associated with decreased cortical CBF. We also strove to demonstrate that ASLbased measurements of CBF are reproducible. We focused our CBF measurements on the default mode network (DMN), a resting-state network whose connectivity has been shown to be necessary for consciousness [23] [24] [25] [26] . The DMN comprises gray matter modes that include the medial prefrontal cortex, posterior cingulate/precuneus, and thalamus [27, 28] . DMN structural and functional connectivity appears to be decreased in proportion to degree of altered consciousness in patients with severe brain injury [23] [24] [25] . In addition, DMN connectivity may portend a higher likelihood of functional recovery in patients with acute disorders of consciousness due to cardiac arrest [26] .
Methods

Patient Demographics and Clinical Characteristics
We performed a retrospective analysis of a pilot cohort (n = 12) of high-grade (Fisher 3-4) SAH patients admitted to our neurocritical care unit who underwent brain MRI with ASL from August 2013 to February 2015. All patients admitted to our neurocritical care unit with the diagnosis of SAH were eligible for inclusion. MRIs were performed for clinical purposes at the discretion of the treating clinician. SAH patients who underwent MRI with ASL during the study time period were identified retrospectively through a prospective database of all SAH patients approved by our hospital's Institutional Review Board. ASL data were processed for offline analysis under a separate research protocol that was also approved by our hospital's Institutional Review Board. Demographic and clinical data such as age, sex, aneurysm location, admission HH, and admission Glasgow Coma Scale (GCS) were derived from the prospective database. GCS at the time of MRI (MRI GCS) was ascertained from the neurologic examination described in the daily neurology note in the electronic medical record. Levels of consciousness were defined by each patient's admission GCS score, MRI GCS, and admission HH class.
ASL Data Acquisition
Patients were scanned on a 3-Tesla Siemens Skyra MRI system (Siemens Medical Solutions, Erlangen, Germany) located in the neurocritical care unit. Perfusion data were obtained using a pulsed ASL sequence (PICORE Q2T) and bolus duration of 700 ms using the following acquisition parameters: 45 control-tag pairs (for one patient there were 5.5 control-tag pairs), echo time = 12 ms, repetition time = 2500 ms, TI = 1800 ms, in-plane spatial resolution = 4.0 9 4.0 mm, slice thickness = 8.0 mm, interslice gap = 2.0 mm, acquisition matri9 64 9 64, flip angle = 90, field-of-view = 256 mm, 9 slices (for two patients there were 11 slices), and a total acquisition time of 3 min and 52 s. The limited number of slices was a trade-off between minimizing acquisition time and obtaining sufficient brain coverage.
DMN Region of Interest Analysis
Circular regions-of-interest (ROIs) with a diameter of 1 mm were manually placed on DMN nodes to measure absolute CBF. The bilateral thalami, medial prefrontal cortices, and posterior cingulate cortices were chosen as DMN nodes of interest for the following reasons: (1) they are believed to be the most widely connected nodes within the DMN [27, 28] ; (2) ASL-based measurements of CBF within these nodes has been shown to correlate with level of consciousness [22] ; and (3) neuroanatomic localization of these network nodes was feasible on the ASL perfusion maps obtained in this study (Fig. 1) . Two researchers (B.L.E. and G.R.) independently placed ROIs in the DMN nodes for four of the patients to derive an inter-rater reliability, and one (B.L.E.) placed ROIs for all 12 patients; both researchers were blinded to clinical data.
Statistical Analysis
For each patient, we calculated the mean CBF of the right and left sides of each node. We then tested for associations between mean nodal CBF and admission GCS, admission HH, and MRI GCS using Spearman's correlation coefficient. Inter-rater reliability was evaluated using Spearman's correlation coefficient for 12 mean CBF values (3 nodes for 4 patients). GraphPad Prism version 6.05 (GraphPad Software; La Jolla, CA) was used for these statistical analyses. Statistical significance was set at p < 0.05; Bonferroni correction was not applied given that this was a pilot study with a small cohort (n = 12).
Results
Twelve patients met the study inclusion criteria. Patient ages ranged from 40 to 74 years and 8 were female. Patients demonstrated a wide range of GCS and HH scores. Primary aneurysms were located in various areas of the cerebral vasculature, though for one patient (patient 11) no aneurysm was found. All patients were classified as Fisher 3-4. See Table 1 for a complete summary of demographic and clinical data.
The CBF values [in ml/100 g/min] and the mean CBF between the right-and left-sided CBF measurements for each node (thalami, medial prefrontal cortices, and posterior cingulate cortices) are listed in Table 2 for each patient. Table 3 
Discussion
In this pilot study of 12 patients with SAH, ASL measurements of CBF did not correlate with level of consciousness in patients with SAH. Nonetheless, our study demonstrates that ASL measurements of CBF in a clinical cohort are reproducible and feasibly can be applied to future prospective investigations of cerebral CBF and its role in altered consciousness.
The absence of a correlation between DMN nodal CBF and level of consciousness in this study may be attributable to several different factors that relate to our study design or to the pathophysiology of altered consciousness in patients with SAH. From the standpoint of study design, our data were obtained retrospectively from a small cohort at a single institution. In addition, since the MRIs were performed for clinical indications, the timing of ASL data acquisition could not be standardized. Moreover, some patients with SAH admitted to our neurocritical care unit during the study time period were unable to tolerate MRI (e.g., inability to lie flat for a prolonged period of time, such as in patients with elevated intracranial pressure). As a result, not all SAH patients in our neurocritical care unit were included in the study. In addition, with its high reproducibility [21] , pseudo-continuous ASL may provide better results than pulsed ASL; however, the MRIs in our study were performed for clinical reasons and only the pulsed ASL sequence is clinically available on our neurocritical care unit's scanner. Finally, since the ASL sequence is known to be sensitive to artifacts, it is possible that patient instrumentation including electroencephalogram leads and external ventricular drains could have contributed to our non-significant results.
From a pathophysiologic standpoint, we may not have identified correlations between DMN nodal CBF and level of consciousness because cerebral hypoperfusion may be transient and may have resolved by the time MRI was performed. For instance, a period of intracranial circulatory arrest that decreases intracerebral circulation and is associated with increased intracranial pressure seems to occur shortly after aneurysmal rupture in SAH [29] . Focal vasoconstriction and accumulation of platelet aggregates in blood vessels may contribute to this episode of decreased perfusion [30] . Because these processes appear to last only minutes to hours [29, 30] , the resulting perfusion deficits may not have been captured on our ASL sequences. Furthermore, it is possible that CBF within individual DMN nodes may not reflect the functional integrity of the entire network. Accordingly, functional connectivity analysis of the DMN using resting-state functional MRI or structural connectivity analysis of the DMN using diffusion tensor tractography may provide more clinically relevant data regarding the potential of the DMN to permit consciousness. Other variables such as systemic blood pressure, ACA anterior cerebral artery, MCA middle cerebral artery, pcomm posterior communicating artery, acomm anterior communicating artery, PICA posterior inferior cerebellar artery intracranial pressure, and presence or absence of vasospasm may have affected CBF data in our study; however, not all patients in the study had these variables or in a consistent format amenable to analysis and so could not be included as regressors. Nonetheless, these variables would be useful in future studies. Finally, it is possible that other pathophysiologic processes (e.g., increased intracranial pressure, hydrocephalus, and/or seizures) are stronger determinants than hypoperfusion in causing low levels of consciousness in high-grade SAH patients.
In considering how to further elucidate the potential role of hypoperfusion in altered consciousness, it is important to consider not only the study design limitations addressed above, but also the role of the DMN in consciousness and the importance of the specific DMN nodes analyzed in this study. Although an intact DMN has been shown to be necessary for consciousness, it may not be sufficient [25] . Thus, our CBF measurements may not have yielded significant correlations with levels of consciousness because we did not investigate CBF within the nodes of other brain networks that may be critical to consciousness, such as the executive control network and/or the salience network [31] . Similarly, it is possible that measuring CBF within other DMN nodes, in particular the inferior parietal lobule [27] , would have increased the sensitivity of our analyses for detecting CBF correlations with consciousness. We limited our analyses to a small number of central DMN nodes primarily because these nodes were readily identifiable on our patients' ASL perfusion maps. Due to the limited slice coverage (90 mm) in our intensive care population and the retrospective nature of our study, ASL slices were not always positioned to include other nodes such as the inferior parietal lobule since the slices were positioned for clinical purposes. Future studies involving fast whole head ASL acquisition protocols [32] will allow us to better interrogate additional DMN nodes, and hence, enable us to perform a more comprehensive analysis of the role of CBF changes in altered consciousness. Finally, it is possible that global cortical CBF may be the most robust predictor of level of consciousness and might provide a more relevant perfusion biomarker to test the hypothesis that altered consciousness in SAH is associated with decreased CBF [19, 22] ; we did not analyze global cortical CBF because the spatial resolution of the ASL sequence was insufficient and because of artifacts related to intracranial hardware.
Conclusion
Overall, our findings do not support the hypothesis that perfusion deficits within central nodes of the DMN are associated with low levels of consciousness in SAH patients. While it is possible that hypoperfusion may not be an important contributor to altered consciousness in highgrade SAH patients, our study had several limitations, suggesting that larger prospective studies are needed to elucidate the potential pathophysiologic role of hypoperfusion in patients with SAH. The acquisition of ASL data on a clinical MRI scanner and the high inter-rater reliability of ASL-based CBF measurements demonstrated here suggest that ASL is a feasible and reliable tool for assessing CBF in patients with high-grade SAH. 
